Conductance saturation in a series of highly transmitting molecular junctions
Identification of molecular junction formation by inelastic electron spectroscopy
Inelastic electron spectroscopy (IES) was used in order to identify the formation of molecular junctions. As a first step, the bare metallic junctions were characterized before the introduction of molecules. Measurements of differential conductance (dI/dV) vs. applied voltage across different metallic junctions (e.g., Fig . S1a,c) showed no distinguishable features above the typical energy range of metal phonons (up to 20 meV and 25 meV for Ag and Pt, respectively) 41, 42 . Following the introduction of molecules, conductance steps, which are the typical fingerprint of vibration activation in molecular junctions 32, [43] [44] [45] [46] , appear in the differential conductance spectra, as exemplified in Fig. S1b,d , indicating the formation of molecular junctions. Figure S1 . Examples for differential conductance spectra, used to verify the formation of molecular junctions. Differential conductance spectra of a. Ag atomic junction, b. Ag/anthracene molecular junction, c. Pt atomic junction, d. Pt/anthracene molecular junction. The spectra of the two molecular junctions show conductance steps at ~30 mV, which are associated with vibration modes of molecular junctions 32, [43] [44] [45] [46] . Note the signature of the metal phonon features around 10 mV 41, 42 . 1. The elongation length of the molecular junctions is indicated by the tilted plateaus (e.g., Fig. 1b , right panel and Fig. S2 ) seen in conductance traces after the typical plateau of Ag atomic contact at ~1 G 0 . These molecular plateaus end with the rupture of the junction as indicated by a clear conductance drop. Analysis of different traces shows that the typical length of the molecular plateaus and hence the molecular junction elongation is less than 1-2 Å, which is much shorter than the length of the studied molecules. The very short elongation is also seen in the analysis of large ensembles of traces presented as conductance-displacement density plots (e.g., Fig. 1d and Fig. S3 ). Here, the short junction elongation is indicated by the narrow spots below the conductance of the Ag atomic contact. The limited elongation is compatible with a compact junction configuration. Tilting or sliding of the molecule into a longitudinal configuration in which the molecule is suspended with its long axis approximately aligned with the junction axis (e.g., Fig. S4a , inset), would lead to a larger junction elongation in order to account for the molecule length 22, 47 .
2. As shown in Fig. S2 and S3, molecules with different length yield molecular conductance features of the same length, i.e., the same length of tilted plateaus in individual traces, which is manifested as spots of similar width in the density plots. This observation indicates that the molecules do not adopt longitudinal configurations. For the longitudinal configurations, the increase in molecule length along the series of molecular junctions would be manifested as an increase in the junction elongation, namely longer plateaus in the individual traces or wider spots in the density plots for the longer molecules, as was previously demonstrated 22, 47 . In contrast, the fact that the elongation is remarkably similar for different molecules further supports the conclusion that the molecules adopt compact geometries for which the increasing length of the molecules along the oligoacene series has no effect on the measured junction elongation. An alternative scenario, which is based on successive changes in the contact site along the series (e.g., contacts to the same ring → contacts to neighboring rings → contacts to the 2 nd neighboring rings, etc.), can be excluded as well, since such trends should also result in a detectable gradual increase in the junction length, in contrast to the experimental observation. 3. Fig. S4 shows that the calculated transmission for junctions with a longitudinal geometry presents a conductance trend which is in sharp contrast to the measured conductance. This comparison supports the conclusion that longitudinal junction geometry can be excluded. 4. Transport calculations for different compact geometries give the same qualitative result, which is compatible with our experimental observations. As an example, Fig. S5 presents transmission calculations for a series of junctions with a compact configuration in which the binding to the Ag electrodes is done via neighboring rings. In this configuration the electrodes are shifted by 2.5 Å along the molecular axes, and the molecular plane tilts by ~5° compared to the configuration in Fig. 3a . The analysis of this junction geometry provides the same qualitative trends of ε (the position of the transmission peak relative to E F ) and Г (the width of the peak) as given by our model. This observation demonstrates the robustness of our model with respect to different compact junction configurations. Transport calculations for different sets of molecular junctions that are characterized by compact geometries and diverse contact positions yield variations of 10% in ε and 20% in Г. Beyond these moderate variations, an essential outcome that can be taken from our transport calculations for different sets of compact configurations is the preservation of the general transmission trend regardless the exact geometry. In particular according to our DFT based calculations, transport is dominated by a single transmission resonance (LUMO), which always approaches E F with decreasing resonance width, in agreement with the proposed model in the manuscript and with the measured conductance trend.
To conclude, our experimental and theoretical analysis shows that the examined molecular junctions are limited to an ensemble of compact configurations. The only essential outcome that we take from the transport calculations is that the conductance is dominated by a single level (LUMO). In addition, our calculations indicate that the LUMO always approaches E F while decreasing in width. This is a robust behavior (regardless the specific geometry) which gives a strong support to the model in terms of the interplay between ε and Г. In the following we compare the calculated transmission of the compact geometry presented in Fig. 3a to a similar geometry (Fig. S6) , in which the molecule is constrained to lie in the plane perpendicular to the axis of the junction, yielding a tilt of approximately 12° with respect to the geometry in Fig. 3a . We note that in our experiments, the expected tilting is probably lower than 10°, according to the limited length of the measured molecular conductance plateaus. Comparing Fig. 3a to Fig. S6a , we find that the change in the molecule tilt angle results in small changes in the transmissions at E F , while the transmission trend along the series of junctions is qualitatively the same. The average typical conductance of each molecular junction was determined using the following procedure. After the introduction of molecules, a new conductance peak appeared in the conductance histograms (e.g., Fig. S7 and S8 ). The formation of molecular junctions at the conductance range of this conductance peak is verified by molecular vibration analysis (e.g., Fig. S1 ). The most probable conductance of the molecular junction is defined as the highest value of this peak. This value was determined for each conductance histogram, which is constructed from 3,000-7,000 consecutive conductance traces. We note that extracting the peak maximum by fitting a Lorentzian provides the same conductance values in the range of the experimental uncertainty. For each molecule type many conductance histograms were collected in different experimental sessions (typically 20). The typical conductance of each molecular junction type (Fig. 2) is the average value of the most probable conductance that was extracted from the entire ensemble of conductance histograms available for a specific molecule type. The error bar represents the standard deviation of this averaging. Conductance histograms based on full data sets, consisting also traces that do not exhibit any molecular feature. Lower row: The corresponding histograms after automatic trace selection to enhance the visibility of molecular conductance peaks. In these plots only traces with a non-negligible number of conductance counts (typically more than 3-5 points) at the molecular conductance range are presented. The two methods give the same values within the error range. We note that the conductance presented in Fig. 2 Figure S9 demonstrates the deviations between histograms of molecular junctions based on the same molecule (Ag/anthracene), measured at different bias voltages. The most probable conductance extracted from each histogram does not depend on bias voltage in the examined range.
We note that in order to study the high transmission limit for molecular junctions, linear histograms that focus on conductance values close to ~1 G 0 are used. Logarithmic histograms, such as presented in Fig.  S10 , were used to verify that no distinct conductance plateaus appear at the conductance range of ~0.03-0.1 G 0 , which is the expected conductance of a longitudinal configuration for Ag/oligoacenes according to our calculation (Fig. S4) . Conductance histograms based on full data sets, consisting also traces that do not exhibit any molecular feature. Lower row: The corresponding histograms after automatic trace selection to enhance the visibility of molecular conductance peaks. In these plots only traces with a non-negligible number of conductance counts (typically more than 3-5 points) at the molecular conductance range are presented. Figure S10 . Log-log presentation of conductance histograms for the different molecular junctions. Upper row: histograms of Ag/oligoacene junctions (based on the same trace sets as used for Fig. S7 ). Lower row: histograms of Pt/oligoacene junctions (based on the same trace sets as used for Fig. S8 ). All the histograms are based on full data sets without any trace selection. The different nature of orbital hybridization at the metal-molecule interface for the two types of molecular junctions is revealed in the projected density of states (PDOS) on the last atom of the electrode apices, for Ag and Pt based molecular junctions (Fig. S11) . The PDOS of the bare metal atomic junctions are shown for comparison (gray dotted curves). The calculations are performed for the same junction configurations as presented in Fig. 5b . The PDOS of Ag/pentacene (Fig. S11a) shows peaks that do not exist in the PDOS of the bare Ag atomic junction, indicating that the peaks originate from the energy levels of the molecule. In contrast, for Pt/pentacene (Fig. S11b) As a side note we point out that although the binding of the molecules to sharp electrodes can be very different from the binding to flat surfaces, the flat-lying geometry of the oligoacene molecule found on flat Ag and Pt surfaces [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] , translates to the "sandwich compound" compact geometry considered in this paper, where the π-system of the molecules is relatively perpendicular to the axis of the junction. a b
Friedel's sum rule for pedestrians
We consider a molecule coupled to left and right metallic electrodes and demonstrate an explicit relation between the zero-bias conductance and the occupancy of the molecular level. We assume that at low temperatures and zero bias, the electronic transport is governed by a single resonant orbital. Oligoacenes (starting from naphthalene) coupled to Ag electrodes fall into this class, as we demonstrate in the main text with the aid of first-principles calculations. The transmission function ( ) is given by
where ε is the resonance center and 2Γ is the full resonance width at half maximum. The finite width of the resonance is induced by the electrodes, and on writing equation (S1) we assume that the resonant state couples equally to both electrodes. The zero-bias conductance is proportional to the value of the transmission at E F 
Note the factor of two due to spin degeneracy. We introduce the phase shift 
If the transport through the molecule in question is dominated by the LUMO, then represents the number of excess electrons in the LUMO in equilibrium. We note that the total charge transfer may contain components from other orbitals. The relation (S4) is known as Friedel's sum rule for historic reasons. In various forms, it has proven useful in the study of dilute alloys 63 , adsorbed molecules 64 and transport through quantum dots 65 .
We note here, that this relation holds also in the presence of electron-electron interactions, provided that certain Fermi-liquid identities apply 63, 66 . In simpler terms, interactions in the Fermi-liquid state preserve the form of the spectral function and transmission resonance, equations (S1) and (S2), hence the same relation applies. This is the case of normal metallic electrodes at sufficiently low temperatures except for superconducting environments, ferromagnetic environments or other cases with interactioninduced broken symmetries. If the molecule develops a magnetic moment, Friedel's sum rule applies in the low-temperature fully-screened Kondo regime.
